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Abstract 
The Gamow-Teller (GT) strength excited by a (p, n&type reaction on a nucleus with isospin T,, and N > Z is shared by 
isospin components T,, - 1, To and To + 1. A good energy resolution c3He, t) reaction on 58Ni revealed the fine structure of 
the GT strength in “Cu. The isospin of each level constituting the fine structure was assigned by comparing to results from 
inelastic electron and proton scatterings and (n, p&type reactions, thus resolving the isospin structure of the GT strength in 
58Cu. The ratio of the summed GT strengths among the three isospin components is well described by a shell-model 
calculation. 
PACS: 25.55.Kr; 24.3O.C~; 27.40. + z 
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The J” = 1 + Gamow-Teller (GT) state is charac- 
terized as an L = 0 spin-isospin excitation. It has 
been clearly observed at 0” in various charge-ex- 
change reactions and at bombarding energies exceed- 
ing 100 MeV/u, where the nuclear interaction fa- 
vors the spin-isospin excitations. In a (p, n&type 
reaction on a target nucleus having an isospin value 
T = To larger than one, where T,, is defined by 
To = @I - Z)/2, the GT strength in the daughter 
nucleus is distributed over states with final isospin 
values T = T,, - 1, To and T,, + 1. The three T com- 
ponents split by the symmetry energy, where the 
lowest, intermediate and highest T components are 
located at the lowest, intermediate and highest exci- 
tation energies, respectively. 
In first-order approximation, the transition strength 
to each T component is proportional to the square of 
the Clebsch-Gordan (CG) coefficient of isospin cou- 
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pling. For a heavy nucleus with large T,, the CG 
coefficient for the transition to the T,, - 1 component 
is much larger than the others. Most of the GT 
strength, therefore, is exhausted by the T, - 1 com- 
ponent forming a bump-like structure commonly de- 
noted as the Gamow-Teller resonance (GTR). Since 
the time of the pioneering (p, n) experiments on 90Zr 
and *08Pb targets at E, = 200 MeV [1,2] and (3He, t) 
experiments at intermediate nergies [3], the GT 
strength as been perceived as a single broad peak 
(GTR) with often a few associated low-lying discrete 
states as reviewed in Ref. [4]. 
The situation is different for a target nucleus with 
a small To. 58Ni has a ground-state isospin To = 1, 
and the square of the CG coefficient of isospin 
coupling leads to a transition strength ratio of 2 : 3 : 1 
for the To - 1, To and To + 1 components, re;fec- 
tively. The J” = l+ GT strength excited in Cu, 
therefore, is expected to spread more or less evenly 
over the three isospin components. 
Inelastic scattering reactions, like (p, p’> or (e, e’), 
can populate L = 0, spin-excitation states called Ml 
states. Taking the Wigner supermultiplet scheme, the 
Ml states are the analog states of either the To or 
To + 1 GT states. The transition strength ratio, how- 
ever, is different from that in the (p, &type reaction; 
for the To = 1 target nucleus 58Ni, it is 1: 1 for the To 
and To + 1 components again from the square of the 
CG coefficient. Furthermore, the (n, p)-type charge- 
exchange reactions only populate GT states that are 
analogs to the To + 1 part of the GT states populated 
in the (p, n&type reactions. 
Basically the comparison among the different 
probes can identify the isospin structure of the GT 
strength [5], but practically it was not easy to achieve 
this mainly due to the limited energy resolution 
attainable in the (p, n&type reactions at an incident 
energy higher than 100 MeV/u. This letter reports 
on the identification of the isospin structure of the 
GT strength in “Cu through comparing the fine 
structure observed in a good resolution 58Ni(3He, t> 
experiment performed at 0” to the structure observed 
in inelastic electron and proton scatterings as well as 
in (n, p)-type reactions on a ‘*Ni target. 
The experiment was performed by combining the 
150 MeV/u 3He beam from the K = 400 RCNP 
ring cyclotron [6] with the QQDD-t 
Y 
pe spectrometer 
Grand Raiden [7]. A 5.8 mg/cm* *Ni foil with an 
enrichment of 99.9% was bombarded by about 5 nA 
3He2+ beam. In order to improve the energy resolu- 
tion, the dispersion-matching technique was used for 
beam transportation. The spectrometer was set at 0” 
and scattered particles were accepted within + 20 mr 
in both horizontal (x) and vertical (y) directions. 
The magnetic field was adjusted to select outgoing 
tritons. The 3He2+ beam, due to its small bending 
radius, was stopped by a Faraday cup placed inside 
the first dipole magnet. After momentum analysis by 
the spectrometer, tritons were detected with a ray- 
trace-type multi-wire drift-chamber system [S]. More 
details of the experiment can be found in Ref. [9]. 
The raytrace information made it possible to sub- 
divide the acceptance angle of the spectrometer by a 
software cut. Fig. l(a) shows the 0” spectrum for the 
angular range k5 mr in the x direction (no cut is 
made in the y direction). With an achieved energy 
resolution of 140 keV, the fine structure of the main 
GT strength at around E, = 9 MeV, which was 
observed more or less as a single broad bump in 
(p, &type reactions, was revealed. In addition, sev- 
eral sharp peaks are observed up to E, = 13 MeV. 
The gross feature of the spectrum, however, is quite 
similar to that observed in the 58Ni(p, n) reaction at 
E, = 120 and 160 MeV [lo]. This fact agrees with 
the report that the (3He, t) reaction at a bombarding 
energy exceeding 100 MeV/u is a single-step direct 
reaction, and that the relevant effective interactions 
V,, and V,, are similar in both (p, n) and (3He, t> 
reactions at a similar incident energy per nucleon 
[3,11,12]. The present (3He, t) reaction at 150 
MeV/u with a better energy resolution is, therefore, 
suited for the detailed investigation of the GT 
strength. 
Not much is known about the excitation energies 
of O+ and l+ states in “Cu [13]. The excitation 
energy of the main GTR region was calibrated in the 
present experiment via the calculation of kinematics 
using well-known low-lying discrete states observed 
in the “C and ‘3C(3He, t) spectra as references. 
These spectra were measured and analyzed under the 
same conditions as those for the 58Ni run. Owing to 
the large Q-value of the 12C(3He, t> reaction, the 
excitation energy of 58Cu was determined up to 13 
MeV by interpolation. In this region, we estimate 
that the uncertainties in excitation energies are less 
than 50 keV. The excitation energies are in fairly 
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Fig. 1. Comparison between the 0” 58Ni(3He, t) spectrum and the 
Ml strength distribution obtained in the 58Ni(e, e’) experiment 
[lo]. (a) The 0” “Ni(‘He, t) spectrum; for details, see text. (b-1) 
The B(M1) distribution obtained in the 58Ni(e, e’) experiment. 
(b-2) The reconstructed (e, e’) spectrum after convoluting with the 
experimental energy resolution of the (‘He, t) experiment. (b-3) 
The same as (b-21, but T,, + 1 strength being reduced artificially 
by a factor of three. Figure (b) is shifted with an excitation energy 
of 0.20 FV relative to figure (a), since the isobaric analog state 
$Fu! of Ni, O+ ground state is observed at E, = 0.20 MeV in 
good agreement with those of the (p, n) measure- 
ments [lo]. 
Among the T, - 1, T,, and To + 1 components of 
the GT strength, the T,, - 1 part is identified through 
the non-existence of the corresponding Ml strength 
in the inelastic scattering experiments, and T,, and 
T, + 1 parts through their existence. For such a 
comparison, the Ml strength distributions deduced 
from (p, p’) at Ep = 200 MeV [14] and from (e, e’) 
[15] are valuable. Especially in the latter, the B(M1) 
strength was mapped with a resolution of 30 keV in 
the excitation energy range E, = 5.9-15.0 MeV. 
The B(M1) distribution is shown in Fig. l(b-1). The 
two humps at the center-of-gravity energies E, = 8.4 
and 11.4 MeV were tentatively identified respec- 
tively as I’, and T,, + 1 components of the Ml 
excitation from energy systematics [151. 
The T,, + 1 component was studied with the 58Ni(t, 
3He)58Co reaction at E, = 25 MeV [16]. In the 
low-lying region, E, = 1.05-2.25 MeV in “Co, six 
l+ GT states were identified via their angular distri- 
butions. Again assuming the Wigner supermultiplet 
scheme, the analog state to the first T0 + 1, l+ state 
is expected at E, = 9.82 MeV in an inelastic scatter- 
ing experiment. In fact corresponding states have 
been identified in the E, = 9.85-11.01 MeV region 
of the (e, e’) spectra for all of the six states [15]. The 
six states marked with the small circles on top of the 
vertical ines in Fig. l(b-1) are the main strengths in 
the second hump. Further information on the T,, + 1 
component was obtained by a recent ” Ni(n, P)~%o 
reaction at En = 198 MeV [17]. Due to insufficient 
energy resolution, no discrete level was resolved, but 
it was found that T,, + 1 GT strength continuously 
existed from E, = 1 MeV up to 5 MeV. In order to 
account for the T, + 1 GT strength, it is natural to 
assume that the 1 + states observed at E, > 11.5 
MeV in the (e, e’) spectra re of T, + 1 nature. 
In order to make the (e, e’) results more compara- 
ble with the c3He, t) spectrum, the B(M1) distribu- 
tion (Fig. l(b-1)) was convoluted with the peak 
shape of the well-separated E, = 1.05 MeV level in 
the c3He, t> spectrum. The reconstructed (e, e’> 
spectrum shown in Fig. l(b-2) looks rather different 
from the c3He, t) spectrum of Fig. l(a). (For the 0.20 
MeV offset in excitation energy, see the caption of 
Fig. 1.) It should, however, be noted that for the 
direct comparison the difference in strength due to 
the CO coefficients of the isospin coupling should be 
taken into account. For the T,, = 1 target ‘*Ni, the 
T,, + 1 strength is a factor of three smaller in the 
c3He, t) reaction than in the (e, e’) reaction. The 
modified (e, e’> spectrum in which the strengths of 
all T, + 1 candidates are reduced by the factor of 
three is shown in Fig. l(b-3). This spectrum looks 
now very similar to the c3He, t) spectrum consider- 
ing that the B(M1) strength excited in the (e, e’) 
reaction includes not only the spin contribution but 
also the orbital contribution, which can make the 
spectrum look somewhat different. It can noted that 
to each peak structure in the modified (e, e’) spec- 
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hum, a corresponding peak is observed in the c3He, 
t) spectrum up to nearly E, = 14 MeV. 
The present c3He, t) spectrum was decomposed 
into levels by taking the shape of the 1.05 MeV level 
as a response function. Since sharp peaks were ob- 
served even in the high excitation region, decomposi- 
tion was performed by using the same response 
function up to E, = 15 MeV, and by assuming 
enough number of levels so as to reproduce all the 
observed counts of the spectrum. 
The isospin of each level was assigned by exam- 
ining whether or not the corresponding part could be 
found in the modified (e, e’) spectrum. Below E, = 
10 MeV, the isospin T = To - 1 was assigned to all 
the levels not observed in the (e, e’) spectrum. A few 
exceptions are the 0.20 MeV level, which is the 
isobaric analog state (IAS) of 58Ni, O+ ground state 
(g.s.) and the 5.43 MeV level, which corresponds to 
the l+ state observed in (p, p’) reactions at E, = 5.17 
MeV [l&19], thus suggesting a T = To assignment. 
To the levels above 11.7 MeV and having a counter- 
part in the reconstructed (e, e’) spectrum, an isospin 
To + 1 was assigned. 
As inferred by the (e, e’) and (t, 3He) results, T,, 
and To + 1 strengths are mixed in the region E, = 
10-11.7 MeV, and they form together several peaks 
in the (‘He, t) spectrum (see Fig. l(a)). The assign- 
ment of the isospin was not so easy on a level-by- 
level base. Instead, we used a practical way to 
estimate the strengths for the two components. The 
count sum for each peak was distributed to T,, and 
T,, + 1 components by the ratio of T,, and To + 1 
B(M1) strengths of the corresponding peak in the 
modified (e, e’) spectrum. 
How to subtract “background ti is still a current 
issue in the region of higher excitation. Since the 
neutron separation energy is high (Sn = 12.4 MeV) 
in 58C~, almost no contribution is expected from the 
neutron decay. The proton-decay channel opens at 
E, = 2.9 MeV, but the observation of narrow peaks 
up to E, = 13 MeV suggests that the contributions 
from the sequential proton decay as well as from the 
direct proton decay (quasi-free scattering) are not so 
large [20,21]. In the present analysis, no backgound 
was subtracted following the analysis of the Ni(p, 
n) work [lo]. It is also known that the 0” spectra 
contain backgrounds due to L = 1 and 2 excitations. 
The (p, n) work showed through the angular distribu- 
tion analysis that the ratio of the L = 0 cross section 
to the total was almost unity below E, = 10 MeV, 
but decreased at higher E,; at 0” the reported ratios 
were about 0.84 and 0.53 for the energy intervals 
E, = lo-12 and 12-14 MeV, respectively. In the 
present analysis, the ratios of counts of the GT 
strength to the total counts are 0.85 and 0.45 for 
these intervals, respectively. 
For the (p, n) reaction at bombarding energies 
exceeding 100 MeV, it has been demonstrated that 
the 0” cross section is proportional to the B(GT) 
value [22,23], and the same is suggested for the 
c3He, t) reaction at 150 MeV/u [11,12,24]. The GT 
strength for the 58Ni(3He, t)58Cu(g.s.), i.e. O+ + I+ 
transition, is deduced to be B(GT) = 0.163 f 0.004 
from the experimentally known B-value log ji = 
4.86 f 0.01 for the allowed P-decay from 58Cu(g.s.) 
to 58Ni(g.s.) [25]. Since the 1+ g-s. and the O+ IAS 
at E, = 0.20 MeV were resolved in the present 
measurement, a reliable peak count was obtained for 
the g.s. The relationship between the peak count and 
the B(GT) value of the g.s. was simply extended to 
obtain the B(GT) value of each GT level [23]. 
The obtained B(GT) strengths are given in Table 
1. It is noted that more B(GT) strength resides in the 
To - 1 component and less by the To component 
than expected from the ratio of 2: 3 estimated from 
the square of the CG coefficients. The difference in 
the ratio is partly understood from a naive shell 
model picture. Assuming 28 protons and neutrons 
are filled up to the f7,2 shell (56Ni core) and two 
additional neutrons are filled in the p3,* shell in the 
g.s. of 58Ni, the l+, GT states are formed by the 
configurations (~p~,~, VP&), (~pt,~, vp;,&) and 
(97f5,29 %,2 - '1. it is, however, argued from the 
isospin selection rule that only the (wf,,,, vf;fJ 
configuration can take part in the formation of the 
T,, + 1 component [26]. Similarly it is argued that 
two p3,2 particles on top of the 56Ni core cannot 
form a J” = 1 + , T = 1 state due to Pauli principle. 
Namely only the latter two configurations can con- 
tribute to the To component. On the other hand, all 
three configurations can contribute to the T,, - 1 
component. If these effects are properly taken into 
account, it is calculated that the expected B(GT) 
strength of 19.7 is shared by the To - 1, T,, and 
T,, + 1 isospin components with the ratio of 47%, 
41% and 12%, respectively. 
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For the further understanding of the sharing of the 
B(GT) strength in 58 Cu, a large-scale shell-model 
calculation has been performed assuming @Ca to be 
a doubly-magic inert core. The calculation which 
uses the Kuo-Brown G-matrix interaction and em- 
pirical single-particle nergies ucceeded in describ- 
ing various properties of nuclei in the middle pf-shell 
[27]. As listed in Table 1, the strength ratios of the 
three isospin components are similar to the ones 
obtained in the naive shell model picture given above. 
The strength ratio of the To to the Z’, - 1 compo- 
nents is 0.85 in the calculation, while the experiment 
gives 1.1 f 0.3. The experimental result is repro- 
duced by the calculation; the To component carries 
less GT strength relative to the T, - 1 component 
than expected from the isospin CO coefficients, 
which yield the ratio of 1.5. The observed T, + 1 
percentage is larger than the shell model prediction. 
This may indicate that some amount of “back- 
ground”, probably due to the quasi-free charge-ex- 
change scattering, should be subtracted in the energy 
region where the T,, + 1 states exist [20]. 
The B(GT) strength distributions experimentally 
extracted for the three isospin components are shown 
in Fig. 2. The strengths are convoluted with the peak 
shape of the 1.05 MeV level in order to make a 
direct comparison with the raw spectrum shown in 
Table 1 
Absolute and relative B(GT) strengths for the three isospin com- 
ponents in “Cu and the total B(GT) 
Ta-l(=O) T,,(=l) 7’,,+1(=2) Total 
(p, n) ’ 7.8 f 1.9 
(3He, t) b 2.5 f 0.3 2.8f0.5 1.0+0.4 6.3f0.6 
(3He, t) ’ 40% 44% 16% 
Isospin CG d 33% 50% 17% 
Shell model e 49% 41% 10% 
’ Ref. [lo]. 
b Present experiment. 
’ Ratios of B(GT) strengths from the present experiment in 
$ 
xmtage. 
Ratios of B(GT) strengths expected on basis of the square of 
isospin CG coefficients in percentage. 
’ Ratios of B(GT) strengths predicted by a large-scale shell-model 
calculation in percentage. 
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Fig. 2. The B(GT) strength distributions for the three isospin 
components convoluted with the experimental response function. 
(a) B(GT) spectrum for the 2’ = T, - 1 component. (b) B(GT) 
spectrum for the T = Ts component. (c) B(GT) spectrum for the 
T = T, + 1 component. 
Fig. l(a). We note that the main bump-like structure 
observed at around E, = 9 MeV consists of the T,, 
component. Remember that the GTR observed in a 
(p, n&type reaction on a heavier nucleus with a large 
T, value is of T, - 1 nature. 
The T, - 1 component is widely fragmented, and 
it looks that the strength is roughly classified into 
three groups centered at 0.7 MeV, 4 MeV and 7 
MeV. As mentioned above, the 1 +, T,, - 1 compo- 
nent can be formed by the shell configurations 
(TP3,2 , q&h hp,,,, ~3;:) ad bf,,,, +,I. 
It is interesting to point out that the differences of 
particle-hole energies among these configurations 
[27] are more or less similar to the differences of the 
centroid energies of the three groups. 
The T, component concentrates in the region 
E, = 7.5-11.5 MeV. One of the exceptions is the 
5.43 MeV state. The analog Ml state observed at 
EX = 5.17 MeV in the (3,~‘) study is assigned the 
(P 1,2, p;$ configuration from the analysis of the 
analyzing power [19]. Furthermore, four Ml states 
were reported in the energy region corresponding to 
E, = 8-10 MeV in “Cu. Two of them are identified 
to be mainly of (~r,~, p;)J configuration and the 
other two to be of (fs,z, f;$ configuration. Thus it 
is inferred that the states with two different configu- 
rations are mixed in the main peak. 
The expected main configuration of the T,, + 1 
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component is (rf,,,, Yf;f2) In fact, the analog Ml 
state for the 10.80 MeV peak is identified to have the 
configuration (f5,2, f;,,?*) in the (3,~‘) study [19]. 
Finally, the total B(GT) strength given in Table 1 
is in reasonable agreement with that of the (p, n) 
result [lo]. The strength, however, is only one third 
of that expected on basis of the naive shell model 
(i.e., 19.7). The reduction in B(GT) strength can be 
understood to result from RPA-type correlations pe- 
culiar to fp-shell nuclei [28], and from a universal 
quenching factor of 0.6 as deduced from the system- 
atics for heavy-mass nuclei [5]. 
In summary, with asgood energy-resolution study 
of the GT strength in Cu using the c3He, t) reac- 
tion, it is indicated that the usual broad bump of the 
GTR resolves into fine structure. By comparing the 
present good resolution 58Ni(3He, t) spectrum with 
the results from (e, e’), (p, p’>, (t, 3He) and (n, p> 
reactions, one of the isospin values T,, - 1, T,, and 
T,, + 1 was assigned to each level constituting the 
fine structure. The ratio of the summed B(GT) 
strengths for the T,, - 1 and T,, components i  well 
explained by the result of the large-scale shell-model 
calculation. The B(GT) strength distribution was 
reconstructed for each isospin component. The To - 1 
component is widely fragmented, while the T,, com- 
ponent is rather concentrated ataround E, = 9 MeV. 
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